Atherosclerosis is a major cause of morbidity and mortality. Its apparent link with wall shear stress (WSS) has led to considerable interest in the in vivo estimation of WSS. Determining WSS by combining medical images with computational fluid dynamics (CFD) simulations can be performed both with magnetic resonance imaging (MRI) and three-dimensional ultrasound (3DUS). This study compares predicted 3D flow patterns based on black blood MRI and 3DUS. Velocity fields in the carotid arteries of nine subjects have been reconstructed, and the haemodynamic wall parameters WSS, oscillatory shear index (OSI), WSS gradients (WSSG) and angle gradients (WSSAG) were compared between the two imaging techniques. There was a good qualitative agreement between results derived from MRI and 3DUS (average correlation strength above 0.60). The root mean square error between haemodynamic wall parameters was comparable to the range of the expected variability of each imaging technique (WSS: 0.411 N m −2 ; OSI: 0.048; temporal WSSG: 150 N s −1 m −2 ; spatial WSSG: 2.29 N m −3 ; WSSAG: 87.6 rad m −1 ). In conclusion, MRI and 3DUS are capable of providing haemodynamic parameters when combined with CFD, and the predictions are in most cases qualitatively and quantitatively similar. The relatively high cost of MRI and continuing improvement in ultrasound favour US to MRI for future haemodynamic studies of superficial arteries. 6 Present address: Materialise NV, Technologielaan 15, 3001 Leuven, Belgium.
Introduction
Cardiovascular disease (CVD) is the major cause of morbidity and mortality in the western world. The majority of CVD is attributable to the complications of atherosclerosis. The initiation and progression of atherosclerosis have been linked to disturbances of blood flow and altered wall shear stress (WSS) (Caro et al 1971) . Early studies examined WSS patterns in either simplified arterial models (Bharadvaj et al 1982, Perktold and Hilbert 1986) or in human model casts (Goubergrits et al 2002) . Subsequently, WSS has been quantified using idealized mathematical models of the flow (Samijo et al 1997) , by performing direct measurements (Köhler et al 2001) or by combining an imaging technique with numerical simulation (Augst et al 2003 , Botnar et al 2000 . In the latter approach, imaging techniques are used to provide anatomical, flow and wall information such as vessel geometry, boundary conditions (Glor et al 2002) , wall characteristics (Zhao et al 2000) or domain movement (Saber et al 2001) , and the numerical calculations are performed using powerful computers.
Imaging techniques that have been used to provide input data for computational haemodynamics are x-ray, CT, magnetic resonance imaging (MRI) and ultrasound. The use of positron emission tomography (PET) or single photon-emission tomography (SPECT) for quantifying blood flow or reconstructing vessel geometry has to date been restricted to in vitro studies (Eloot et al 2003) . Ene-Iordache et al (2001) successfully evaluated the WSS in the arteriovenous fistulas for haemodialysis using digital subtraction angiographies (x-ray). They demonstrated the feasibility of x-ray based computational fluid dynamics (CFD) for patient-specific analysis of blood flow. Due to radiation and the need for contrast-agents, x-ray has not been used extensively for image-based computational haemodynamics. More commonly, vessel geometry reconstruction is performed using serial MRI. Milner et al (1998) extracted subject-specific carotid vessel geometries from black-blood (BB) MR images, and used them as a basis for computational haemodynamics. Long et al (1998) applied the same approach to the abdominal bifurcation, using time-of-flight (TOF) angiography instead of BB MRI. Although TOF images are easier to process, BB MRI has the added benefit of being capable of providing information about not only the lumen shape but also wall thickness. The latter is required for wall stress analysis (Zhao et al 2002) and is important for studies of atherosclerosis development (O'Leary and Polak 2002) . Recent studies tend to obtain geometrical data and boundary conditions from MR imaging (Cebral et al 2002) and deduce wall data from ultrasound imaging (Zhao et al 2002) or MRI (Leuprecht et al 2002) .
Although it is no longer required to inject contrast-agents to obtain MR images of sufficient quality (both for TOF angiography (Glor et al 2003c) and BB MRI ), the cost and the restricted accessibility of MRI is still a major drawback of the technique. Barratt et al (2001) presented a less expensive and more widely available ultrasound based 3D carotid vessel reconstruction technique. It has been shown that the reconstructed vessels can be used as a basis for computational haemodynamic studies (Augst et al 2003) , and the predicted WSS patterns are reproducible when the subject's neck position is fixed (Glor et al 2003a) . We showed (Glor et al 2003b) that the carotid geometries obtained with 3DUS are comparable to geometries obtained with BB MRI. Whilst the influence of the variations in geometry on the computed blood flow pattern remains to be studied, if the uncertainty in geometry was sufficiently small, only minor changes in flow prediction would occur. In such cases 3DUS and MRI would be equally valid and reliable when used as a basis for CFD. The objective of this study was to quantify differences in flow patterns obtained from CFD coupled with 3DUS and MRI.
Methods

Data acquisition and geometry reconstruction
2.1.1. Black blood MRI. The right carotid bifurcation of nine healthy volunteers (eight males and one female, aged between 24 and 56), was reconstructed with MRI in three steps:
(i) The subjects were scanned while lying supine in a Siemens Magnetom Sonata 1.5 T scanner. A head/neck supporting device was used to maintain consistent position and improve comfort. No other restraints were used to fix the subject's head. The images were acquired using a purpose-built two-element phased-array coil. For each subject, ECG-gated images were acquired at mid-to-late diastole. For these volume selective Turbo Spin Echo (TSE) images, typically 28 slices (2 mm thick) were obtained yielding a true (non-interpolated) resolution of 0.47 mm × 0.47 mm in-plane and a field-of-view of 120 mm × 24 mm. An echo train length of 7 was used to fit the scan within the desired acquisition window (65 ms). For a T 1 weighted image, T E was 9 ms and gating was every cardiac cycle (T R = RR, the interval between consecutive R-waves on an ECG). Each 3D image acquisition took 3 to 5 min, depending on the subject's heart rate. Further details on the scan protocol have been described by Crowe et al (2003) . (ii) The BB MR images were segmented semi-automatically in three steps:
• First, an initial contour was generated with the region growing method described by Long et al (1998) for TOF MR images.
• Next, a conventional snake model (Williams and Shah 1992) was used to deform and smooth the initial contour.
• Unlike TOF images, acquisition errors inherent to BB MRI as described by Steinman and Rutt (1998) make it necessary to check the semi-automatically segmented contour and make a manual adjustment where appropriate. (iii) The serial 2D contours were then aligned and smoothed to produce a 3D vessel surface geometry. Smoothing was performed in two steps . First, the areas of consecutive cross-sections and then the centrelines, i.e. the line that passes through the centroids of the vessel cross-sections in the transverse plane, were smoothed. Smoothing was deemed sufficient when the reconstructed carotid bifurcation was physiologically realistic as defined by Moore et al (1999) . Smoothing parameters were optimized for one subject and kept constant throughout the study.
3D ultrasound.
Within two to six weeks, the right carotid bifurcation of the same subjects was reconstructed with 3DUS in three steps. The 3DUS system used has been described in detail by Barratt et al (2001) and Glor et al (2003a) .
(i) The three-dimensional ultrasound (3DUS) scanner was based around a commercial ultrasound scanner (HDI 5000, ATL-Philips Medical Systems, WA, USA) which is routinely used for vascular investigations. A 5 to 12 MHz broadband, linear array transducer (L12-5) was used in this study to acquire ECG-gated, 2D transverse crosssections of the carotid bifurcation. An electromagnetic position and orientation measurement (EPOM) device (Ascension Technology Inc, Vermont, USA) was mounted on the ultrasound transducer and enabled the transducer, and hence the captured ultrasound images, to be located in 3D space. (ii) Segmentation was performed in two steps:
• Acquired images were segmented using purpose-built software. The software was used to manually select points on the vessel wall to which a smooth cubic spline or ellipse was fitted (Barratt 2002 ).
• The delineated contour represented the intima-media interface rather than the lumen, and hence it needed to be readjusted by subtracting the intima-media thickness (IMT) from it (assumed to be uniform around the vessel). Measurements of the IMT for each subject were made approximately 1 cm distal from the carotid bulb, using a validated semi-automated programme (Mayet et al 1995) which allows IMT measurements with a reproducibility of 10 ± 45 µm. The IMT in the internal carotid artery (ICA) and external carotid artery (ECA) were estimated based on the method described by Glor (2004) . (iii) The lumen contours, combined with the positioning information from the EPOM device, allowed the 3D geometry of the carotid bifurcation to be reconstructed following alignment and smoothing. The details of the 3D reconstruction have been published by Barratt (2002) .
Mesh generation
The mesh was generated using an enhanced in-house purpose-built mesh generator. The mesh forming the CCA did not end at the beginning of the bulb region as was done previously (Long et al 1998 , Glor et al 2003c , but expanded into the bulb in order to obtain better quality grids.
The lumen volume was meshed on the basis of a multi-block structure (Long et al 1998) . This allowed a clear definition of where the CCA ends and the ICA or ECA start. Mesh independence tests were carried out until wall shear stress differences between the finest mesh and the used mesh were within 0.15 N m −2 . This resulted in meshes containing between 50 000 and 110 000 hexagonal cells, depending on lumen volume. Details of the mesh generation algorithm can be found in the PhD thesis by Glor (2004) .
The semi-automatic segmentations, the mesh generation, the calculations of the comparative parameters and the statistical analysis were performed using MATLAB (The Mathworks Inc, Cambridge, UK).
Computational fluid dynamics
The mass conservation law and the Navier-Stokes equations were solved numerically using CFX4 TM (AEA Technology 1999), within which the third-order differencing scheme 'QUICK' (Quadratic Upwind Interpolation Convective Kinematics) was employed. Computations were performed on a SUN Blade 1000 Workstation (Ultrasparc III processor, 512Mb RAM, 750 MHz). Two cardiac cycles of 80 equally spaced time-steps of 12.5 ms were simulated. Decrease in time-step or increase in simulated cycles resulted in instantaneous WSS differences below 0.01%. Other fluid parameters included in the model were dynamic viscosity 4 × 10 −3 Pa s (Newtonian flow) and density 1176 kg m −3 . At the inlet, Womersley profiles (Womersley 1955, Nichols and O'Rourke 1990) were derived from a typical flow waveform measured in the common carotid. In order to eliminate differences in flow due to errors in velocity acquisition, the same flow waveform was used in all simulations. As a consequence, the inlet velocities derived from the Womersley theory could be different depending on the inlet area, but the flow rate was the same in all subjects. At the outlet, a constant flow ratio of 70:30 was adopted between the ICA and ECA throughout the cardiac cycle (Glor et al 2003c) .
Comparative study
2.4.1. Comparative parameters. The aim of this study was to quantify the differences in flow patterns reconstructed by coupling two different imaging techniques (BB MRI and 3DUS) to CFD. This is traditionally done by comparing velocity profiles; however, the use of haemodynamic wall parameters, derived from predicted velocities, is more interesting for clinical-oriented studies, since they are believed to be associated with intimal thickening and thrombosis formation. Therefore, the flow was compared by evaluating both a velocity parameter and the 3D distribution of the time-averaged wall shear stress (WSS), the oscillatory shear index (OSI), the time-averaged wall shear stress gradient (both spatial (WSSGs) and temporal (WSSGt)) and the wall shear stress angle gradient (WSSAG). The velocity parameter V max was defined as the maximum velocity at each time-step in each cross-section, averaged along the cardiac cycle and along the considered artery (CCA, ICA, ECA). The higher this parameter is for a constant flow rate and cross-sectional area, the more peaked the velocity profile is. Conversely, the lower this parameter is for a constant flow rate and cross-sectional area, the blunter the velocity profile is. The theoretical minimum occurs with plug flow and is equal to the average flow rate divided by the lumen cross-sectional area. The instantaneous wall shear stress is defined as follows:
where µ is the dynamic viscosity, u is the velocity parallel to the wall and y is the normal distance to the vessel wall. The wall shear stress is the tangential force exerted by a moving fluid on a wall. Time-averaged wall shear stress (WSS) is the wall shear stress averaged over a cardiac cycle. The oscillatory shear index (OSI) can be defined as follows (Buchanan and Kleinstreuer 1998) :
where T is the cardiac period and τ is the instantaneous wall shear stress. The OSI can be physically regarded as the fraction of a cardiac cycle during which the angle between the instantaneous wall shear stress and the time-averaged wall shear stress is beyond 90 o . The theoretical maximum is 0.5; this is approximated when the instantaneous wall shear stress oscillates around zero.
The other haemodynamic parameters are defined as follows:
with t the time variable. τ m and τ n are the time-dependent components of the wall shear stress in the mnl coordinate system, where m is the temporal mean wall shear stress direction and n is the tangential to the surface and normal to m. S is the complete surface of the carotid wall and A o is the surface of a cell face o. The WSSAG is calculated in an arbitrary coordinate system ij k or xyz. The scalar field of angular differences φ is defined as follows:
where τ o refers to the stress vector at the location of interest and τ p represents the surrounding stress vectors. The WSSAG was adopted to replace the wall shear stress angle deviation (WSSAD) as a marker for sites of dysfunctional endothelial cells. The WSSAG has the advantage of being a mesh independent parameter (Longest 2002).
Area of overflow/underflow.
The chosen haemodynamic parameters have all been proposed to be related to atherogenic process. It is difficult to define correct thresholds for 'good' and 'bad' flow, since they need to be considered in conjunction with the cell exposure time (Leverett et al 1972) . In this study, areas at a WSS lower than 0.4 N m −2 or higher than 2.5 N m −2 , an OSI of 0.2, a WSSGt higher than 50 N s −1 m −2 , a WSSGs higher than 4 kN m −3 and a WSSAG beyond 350 rad m −1 were considered 'undesirable'. The choice of these thresholds is based on results from several haemodynamic studies (Thomas et al 2003 , Lei et al 1996 .
Analysis along inferior/superior axis.
Haemodynamic wall parameters were averaged along the circumference of a carotid cross-section, and shown in a plot with abscissa representing distance along the I/S axis. The linear correlation R and the root mean square error (RMSE) between the BB MRI and 3DUS results are measures of haemodynamic agreement. The velocity parameter V max was also examined along the I/S axis.
Patched analysis.
Wall data are often compared by evaluating patches of averaged data (Glor et al 2003c , Thomas et al 2003 . Briefly, patching involves separating the three arteries (CCA, ICA and ECA), unwrapping the artery surface and subdividing into small patches. The definition of the end of CCA and the beginning of its branches was given by the mesh structure. Details of the patching algorithm, which is based on a 2D Fourier decomposition of the mapped WSS values on the unwrapped surface, can be found in the PhD thesis by Glor (2004) .
The main advantage of patching is that it allows parameters corresponding to slightly different points in 3D space to be compared using statistical tools. The two-dimensional correlation between two sets of patched data is a measure of parameter distribution agreement, whereas the Wilcoxon rank-sum test, the average difference and RMSE are measures of parameter value agreement.
Results
Figures 1 and 2 show respectively the WSS and OSI distribution for all subjects. The most favourable agreement between MRI and 3DUS derived WSS was found in subject 4, whereas subject 8 exhibited the largest discrepancy. The OSI distribution agreed extremely well in subject 2, but differed significantly in subject 6. The result is given as mean ± standard deviation. (n = 8 instead of n = 9 because of the omission of subject 8, see section 4.1). The last column is copied from Glor et al (2003c) . Note that the thresholds from Glor et al (2003c) Table 1 shows the average difference ± standard deviation in estimating the area of overflow/underflow. The difference considered is the following error measure:
Area of overflow/underflow
Here, the 'bifurcation area' A bif is the vessel wall area within a vertical distance of 1.5 cm of the bifurcation apex. The area of overflow/underflow in MRI and 3DUS is respectively (A) MRI and (A) 3DUS . Another error measure, 2 , quantifies the relative error Table 2 gives the average RMSE of all considered haemodynamic parameters when analysed along the I/S axis. Note that the analysis along the I/S axis is equivalent to choosing an infinite number of patches in the longitudinal direction, and only one patch in the circumferential direction. 
Analysis along inferior/superior axis
Patched analysis
Discussion
Our previous study (Glor et al 2003b) has demonstrated that the carotid bifurcation geometry reconstructed from BB MRI agrees favourably with that from 3DUS in terms of lumen area, but differs in vessel centreline curvature. This study investigates the consequence of geometrical differences between the two imaging techniques on the resulting haemodynamics.
Effect on flow
From the WSS and OSI distributions in figures 1 and 2, two observations can be made. (1) In subject 8, the carotid branches (ICA and ECA) derived from 3DUS are strongly skewed towards one side, a feature which is absent in the MRI-derived geometry. This is very probably due to a sudden movement of the subject deemed unimportant by the operator. For this reason, subject 8 has been eliminated from the statistical analysis. (2) Except for subject 8, the overall agreement in WSS and OSI distribution is satisfactory.
Comparison of haemodynamic parameters.
Among the haemodynamic parameters related to the atherogenic process, the WSS and OSI are the most commonly quoted ones. In the present study, the WSSG and WSSAG have also been evaluated. Sites of high WSSG are linked to intimal hyperplasia, formation of atherosclerotic lesions inside the arteries, and increased vessel wall permeability (Kleinstreuer et al 2001) . The WSSAG represents the magnitude of the shear stress angle deviation. Large WSSAG tends to occur in regions of dysfunctional cells, and hence sites of intimal thickening (Longest 2002) .
Velocity. Table 2 shows that the velocity parameter, representing the correspondence in flow profile, agrees very well in all arteries. In the region of complex flow in the ICA, which is very geometry dependent, the uncertainty in V max was only 3 cm s −1 , corresponding to a 10.9% uncertainty.
WSS. Low WSS values (<0.4 N m
−2 ) (Malek et al 1999) are known to stimulate a proatherogenic endothelial phenotype, whereas moderate (>1.5 N m −2 ) (Malek et al 1999) WSS induces endothelial quiescence and an atheroprotective gene expression profile. Higher WSS (>10-15 N m −2 , relevant from 25-45 N m −2 ) (Kessler 2002) causes endothelial trauma and haemolysis. According to table 4, the WSS was reproduced most closely by the two imaging techniques. The uncertainty in measuring areas of low WSS was higher in the present cross-comparison study than in the MR reproducibility study (Glor et al 2003c) (Glor et al 2003c , Thomas et al 2003 .
OSI. Low OSI values occur at sites where flow disruption is minimal, whereas high OSI values (with a maximum of 0.5) highlight sites where the instantaneous wall shear stress deviates from the direction of the WSS in a large fraction of the cardiac cycle, which induces perturbed endothelial alignment (He and Ku 1996) . In table 4, the OSI-similar to the WSSseemed to be one of the most robust haemodynamic parameters when switching between MRI and 3DUS-based CFD. Quantification of the vessel wall area overflowing an OSI of 0.2 proved to be a reliable process (table 1). The high per cent RMSE is due to the fact that the OSI is 0 in the majority of the vessel wall. The rather low 2DR value of 0.54 (table 3) combined with the small RMSE in table 2 showed that the OSI peaks were well localized along the I/S axis, but less reliably along the circumference. Overall, the RMSE for the OSI is below 0.07, which is larger than what has been found in reproducibility studies, but still very small considering that the OSI ranges from 0 to 0.5. Table 4 shows that although the WSSG values had a less favourable agreement than the WSS or OSI, the WSSG distribution was extremely robust ( WSSAG. Of all parameters, the WSSAG had the worst result in the rank-sum test. Measuring areas of high WSSAG seemed easier than areas of other parameters, but a comparison with MRI reproducibility studies could not be done. The RMSE (circ: 46.4 rad m −1 ; patch-wise: 87.0 rad m −1 ) was slightly higher than the patch-wise RMSE found for MRI reproducibility (61 rad m −1 ).
WSSG.
Summary. Thomas et al (2003) published a BB MRI-based flow reproducibility study using the same haemodynamic parameters. For most parameters, the RMSEs found in their study are comparable to those given in table 5 which suggests that the differences in the predicted flow between MRI and 3DUS are at a similar level to the uncertainties involved in using each of the imaging modalities alone. Table 4 shows that the reliability of parameter values was usually higher in the CCA than in the daughter branches. The overall low 2DR in CCA (table 3) seems to contradict the statement that the correspondence in the CCA was high, but linear correlation can be misleading when comparing two sets of patched data with little variation (for example the time-averaged WSS tends to be fairly constant around a value of 0.7 Pa in a CCA in typical circumstances). A significantly better reliability of the proximal CCA could have been expected because of two reasons.
Comparison between arteries.
(1) BB MR image quality tends to be better for the proximal CCA than for the branches (Crowe et al 2003) . (2) Flow patterns are less complex proximal from the apex, resulting in better image quality. No obvious difference between ICA and ECA reliability was found. When examining each parameter in more detail (table 5) , it can be seen that the WSS and WSSG agreed better in the CCA than in the daughter branches, but the opposite was true for the OSI and WSSAG, suggesting that geometry differences had different effects on different haemodynamic parameters.
Limitations
The computations were performed with a constant viscosity whereas blood viscosity is known to be shear dependent, especially in the low shear region. Augst et al (2003) implemented a Quemada-model in their numerical code for calculating in vivo carotid haemodynamics based on 3DUS imaging. Perktold and Rappitsch (1995) used a modified Cross model when studying haemodynamics in an elastic carotid phantom. Other models have been employed for carotid haemodynamics, including the Carreau-Yasuda (Gijsen et al 1999) and the Casson model (Perktold et al 1991) . Clearly, mathematical representations of the viscous behaviour of blood are complex and non-unified, but representing blood as a Newtonian fluid should be avoided. On the other hand, a non-Newtonian model costs more processing time. Bearing in mind that the use of a non-Newtonian model would result in similar changes in flow profiles for both the MRI-and 3DUS-based models, the difference found with the Newtonian model presented here should be expected to represent what would be found with a non-Newtonian model. Therefore, a Newtonian model was used in this study to save processing time. Due to significant complexity of fluid-structure interaction, rigid walls have been assumed in the simulations. There are several approaches to accommodate fluid-structure interaction. Leuprecht et al (2002) prescribed wall motion based on time-dependent MR images of the blood vessel. Cebral et al (2002) used an assumed value for the elastic modulus and a 1D lumped parameter model to estimate the pressure drop between the inlet and outlet of the model. The inlet and outlet flow rates, acquired with cine MRI, were required as input data for the 1D model. Zhao et al (2002) solved the solid motion equations, loosely coupled with the fluid flow equations, using subject-specific wall data. This was in fact a hybrid approach: TOF MRI was employed for carotid reconstruction, whereas both the B-mode and M-mode ultrasound were utilized to acquire the wall data. As with the non-Newtonian model, the need for fluid-structure interaction is recognized, but the additional computational effort required is far too high to justify a wide adoption of the approach. Since the effect of wall compliance on carotid haemodynamics was found to be quantitative rather than qualitative, this study was restricted to the rigid wall model.
The subjects in this study were all healthy, normotensive volunteers. In elderly people, the potential presence of plaque will introduce difficulties in segmenting images acquired with BB MRI due to possibilities of confusing residual signal (Steinman 2002) in blood on one hand and plaque on the other. In 3DUS the potential presence of plaque will discourage the use of the IMT subtraction model because it assumes constant IMT along a circumference. Furthermore, in the presence of calcified plaque the use of 3DUS will be impeded. Because of the possible complications in pathological cases, the flow differences found between MRI and US in this study cannot be regarded as a worst case scenario.
Conclusion
The carotid bifurcations of nine subjects have been scanned twice: once with black blood MRI, and once with 3DUS. The inter-technique flow differences were comparable to intratechnique flow differences, suggesting that BB MRI and 3DUS are interchangeable for carotid flow reconstruction. MRI has several advantages over 3DUS, including (1) the ability to scan vessels beyond the physical restriction of the jaw-bone and the ability to scan nonsuperficial arteries and (2) the inherent robustness of 3D MRI for centreline registration due to the restricted freedom of movement. The advantages of 3DUS are (1) the low relative cost of a set of images, (2) the easy accessibility of the scanner couch as opposed to the MRI scanner for children, claustrophobic patients and people wearing pacemakers, (3) the widespread availability of US scanners and (4) the speed of imaging in US. With future work aiming to standardize 3DUS acquisition techniques and increasing 3DUS segmentation and reconstruction reliability, 3DUS has the capacity to become an alternative to MRI for the numerical study of haemodynamics in superficial arteries in particular cases.
